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The ionization dynamics of He nanodroplets irradiated with intense femtosecond extreme ultraviolet
pulses of up to 1013 W=cm2 power density have been investigated by photoelectron spectroscopy. Helium
droplets were resonantly excited to atomiclike 2p states with a photon energy of 21.4 eV, below the
ionization potential (Ip), and directly into the ionization continuum with 42.8 eV photons. While electron
emission following direct ionization above Ip is well explained within a model based on a sequence of
direct electron emission events, the resonant excitation provides evidence of a new, collective ionization
mechanism involving many excited atomiclike 2p states. With increasing power density the direct
photoline due to an interatomic Coulombic decay disappears. It indicates that ionization occurs due to
energy exchange between at least three excited atoms proceeding on a femtosecond time scale. In
agreement with recent theoretical work the novel ionization process is very efficient and it is expected to be
important for many other systems.
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With the advent of short-wavelength free-electron lasers
(FELs) the interaction between intense, high-energy light
pulses and matter has become a very active field of research
[1–3] and one of the most exciting topics in atomic and
molecular science. Key questions are related to ionization
dynamics on an atomic level, answers to which will help to
develop an understanding of processes in more complex
systems. In pioneering experiments and theoretical studies,
various new phenomena such as absorption enhancement
[1,4], bleaching [3,5,6], as well as modification [7] and
suppression [8] of electron emission were discovered.
At high power densities a nanoscale sample, such as a
large molecule or cluster, can absorb a large number of
photons and the system undergoes a transition to a highly
excited, nonequilibrium state. Ionization in this case is
strongly interlinked with correlated electron dynamics,
either due to multielectron collisions with energy exchange
[7] or by novel types of autoionization processes related to
interatomic Coulombic decay (ICD), as predicted recently
[9]. According to this work, clusters resonantly irradiated
by intense light pulses with photon energies insufficient to
ionize the atoms by single photon absorption are efficiently
autoionized due to the energy exchange between two
excited electrons [Fig. 1(a)]. As a result, an unusual form
of a collectively excited, plasmalike state may be formed
which is expected to autoionize on a fs–ps time scale [9].
Initial evidence for such an ionization process in Ne
clusters has been reported recently [10,11].
In this Letter we report a study of electron emission from
He clusters irradiated by intense pulses from the new
seeded-FEL FERMI [12] at power densities where such
collective autoionization (CAI) processes are expected to
occur [13]. He droplets were either resonantly excited to the
2p atomiclike state [14], which is well below the ionization
potential (Ip), or excited into the continuum. The electron
spectra recorded following excitation to the 2p state
provide evidence for a new ionization mechanism.
The experiment was performed at the low density matter
beam line [15], at the FERMI FEL [12]. FEL pulses with
photon energies of 21.4 and 42.8 eV having a wide range of
pulse energies (0.5–60 μJ) were focused by a Kirkpatrick-
Baez optical system [16] to a spot size of around 75 μm
(FWHM) diameter. The FEL polarization was chosen to be
linear and the axis to be perpendicular with respect to a
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detector axis, while the estimated pulse length is 100 fs
(FWHM). The power density is calculated to be in the
1010–1013 W=cm2 range. He nanodroplets containing on
average up to 50 000 atoms were produced in a supersonic
expansion of He gas at 50 bar stagnation pressure through a
conical nozzle (100 μm diameter, half-opening angle of
45°) cooled to 17 0.1 K. The kinetic energy distribution
of emitted electrons was determined using a velocity map
imaging (VMI) spectrometer with an energy resolution of
4%. The kinetic energy distributions were reconstructed
using a standard Abel based inversion method [17], taking
into account the calibration curve of the VMI spectrometer.
The uncertainty of kinetic energy distribution may be larger
than the statistical noise since background subtraction was
applied.
Photoelectron spectra for direct ionization at 42.8 eV
(above Ip) and for resonant excitation below the Ip to the 2p
cluster state at the absorptionmaximumaround 21.4 eV [14]
are presented in Figs. 2(a) and 2(b), respectively. Note that
the total energy deposited into the system by two 21.4 eV
photons and one 42.8 eV photon is the same. While these
photoelectron spectra have some similarities, there is an
importantdifference: for resonant excitation thedirectphoto-
line expected at ∼18 eV [assuming a resonant two-photon
ionization process or an autoionization process according to
Fig. 1(a), see below] is only observed in measurements for
small clusters [average N ¼ 1000 atoms, see Fig. 2(c)].
The photoelectron spectra following direct ionization
[Fig. 2(a)] reveal similar characteristics to those found
for Ar clusters [8]. This has been explained with a
sequence of direct electron emission events in the
developing Coulomb field. While the cluster absorbs
many photons, electrons are ejected one after the other
leading to a charging of the cluster. As a result, electrons
emitted at later stages need to overcome the Coulomb
potential of the charged cluster and lose energy [8,18]. At
the highest power densities a nanoplasma is formed,
where ionization is frustrated due to the deep cluster
potential. This leads to evaporative electron emission,
which is characterized by a thermal tail in the photo-
electron spectrum with an exponential distribution. This
behavior is also observed for He nanodroplets excited at
42.8 eV photon energy. For the highest power densities
there are two prominent maxima (∼0 and ∼18 eV) with
tails in opposite directions, due to both the sequence of
direct electron emission events and the electron evapora-
tion from the nanoplasma.
For the resonant excitation case [Fig. 2(b)] a clear
photoline is observed only for the small clusters
[Fig. 2(c)]. It can be explained as either due to non-
sequential resonant two-photon ionization, which is an
instantaneous process, or due to the ICD type process
FIG. 1 (color online). Schematic diagrams of (a) ICD [9],
(b) CAI type process involving three excited atoms, and
(c),(d) CAI with electron scattering on a third neighboring
excited atom (for details see text).
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FIG. 2 (color online). Comparison of the photoelectron spectra
of nanodroplets (N ≈ 50 000) irradiated at 42.8 (a) and at 21.4 eV
(b) photon energy for different power densities. The inset (c)
depicts photoelectron spectrum of small nanodroplets (N ≈ 1000)
at 21.4 eV for low power density.
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mentioned above and illustrated in Fig. 1(a). This peak
corresponds to a line observed at even lower power density
with synchrotron radiation [19]. Since its relative intensity
at high power density is rather low [20], we can conclude
that this is due to the ICD type decay, as we will show
below. For bigger clusters the photoline is completely
absent providing evidence of CAI involving several—we
propose at least three—electronically excited atoms.
Furthermore, inelastic electron-electron collisions are
expected to play an important role [7]. In the following
we present a phenomenological explanation of our obser-
vations. For a correct interpretation, sophisticated modeling
is needed, taking into account band formation, excitation
transfer, decay rates, e.g., in a Fano-Stieltjes approach [21],
as well as multielectron [7] and ion dynamics. All these
processes are highly density dependent and modeling is
beyond the scope of this Letter.
For the purpose of understanding the ionization dynamics
in such a complex system involving many different proc-
esses, we will restrict our description to a three-atom model.
If more excited atoms are involved, the processes are
expected to be rather similar. Three electronically excited
atoms in direct contact can exchange energy by a virtual
photon as electrons in two different atoms do [9]. In addition,
these excited atoms can be considered as a triply excited state
of a trimer, surrounded by a shell of ground state atoms.
Since the width of the 2p excitation in big He clusters is very
large (FWHM more than 0.5 eV, [14]), a simple model as
depicted in Fig. 1(b) can be applied which neglects the effect
of Coulomb blockade [22]. In the simplest approach
approximately 3 × 21:4 eV energy is stored in the triply
excited trimer which is sufficient for double ionization of a
He dimer (∼52 eV [23]) and thus also for the He trimer. The
process can proceed either in one step,
Heð1s2pÞHeð1s2pÞHeð1s2pÞ →
Heð1s2ÞHeþð1sÞHeþð1sÞ þ 2e−; (1)
or in two steps
Heð1s2pÞHeð1s2pÞHeð1s2pÞ→
Heð1s2ÞHeþð1sÞHeð1s2pÞ þ e−CAI →
Heð1s2ÞHeþð1sÞHeþð1sÞ þ e−SCAT1 þ e−;
or Heð1s2ÞHeþð1sÞHeð1snlÞ þ e−SCAT2 . (2)
In the first case, the nonsequential process (1), the
coupling between the three 2p electrons is even stronger
and thus an excess energy of ∼15 eV can be shared
between the two electrons either by the shake-up or
shake-off processes in resonantly, multiply excited atoms
[24,25]. This can result in a broad continuum as seen in our
experiment [Fig. 2(b)]. Single ionization resulting in the
emission of one electron with ∼39 eV kinetic energy is
expected to be less likely since the overlap between the
wave function of the free, high energy electron and that of
the 2p electrons is very small.
In the second case (2), the situation is similar to the
process involving two excited atoms [see Fig. 1(a)] [9], but
after autoionization the free electron either ionizes the third
excited atom [Fig. 1(c)] or promotes the excited electron to
higher Rydberg states [Fig. 1(d)]. The cross sections for
such inelastic processes are very large (2000–3000 Mb
[26]); thus, we assume that they take place with close to
unit probability. As a result, an almost continuous electron
distribution is expected since the primary electron can lose
energy due to inelastic collisions as depicted in Figs. 1(c)
and 1(d).
In the case when three excited atoms are in direct contact
[Fig. 1(b)], inelastic collisions are expected to be even more
efficient and dominant. In addition, the interaction and
subsequent autoionization of two neighboring electroni-
cally excited atoms can be affected by He ions nearby
which may lead to autoionization of one of the
excited atoms.
In general, the decay rate for processes (1) and (2)
depends sensitively on the interatomic distance of excited
atoms and the number of participating neighbors [21].
Therefore, we expect that once the interatomic separation
decreases and at the same time the number of 2p excited
atoms increases the ionization rate will be dramatically
enhanced. Before discussing this aspect in detail we point
out that under our experimental conditions (power density
of 1013 W=cm2) a large population of 2p states can be
created within a few fs. Using the estimated value of 2p
excitation cross section of 25 Mb [19] we expect that ∼50%
of the atoms are in 2p excited states within 20 fs. In other
words, a very unusual plasma is formed during the duration
of the light pulse. Thus, within a few fs, 2p excited atoms
are formed in direct contact allowing ionization to
take place.
Now it is necessary to explain why for the resonant 2p
excitation the clear photoline at ∼18 eV is present only for
small clusters at rather low power density. There are two
reasons for this: first, ionization from the plasmalike state
with three or more excited atoms in direct contact is
substantially faster than the autoionization due to the
energy exchange between two excited atoms [9]; second,
the isolated doubly excited dimers are only present in the
first few fs, while the estimated decay time is much longer,
presumably in the ps time regime (see below). In other
words, the decay channel of two isolated excited atoms
giving rise to a photoline is quenched long before it has
time to occur. In addition, in a small cluster most of the free
electrons are created near the surface, which suppresses
further inelastic collisions. Based on the 2p photoexcitation
and the 2p photoionization cross sections of 25 [19] and
0.02 Mb [27], respectively, we obtain an ionization fraction
of 0.6% due to resonant two-photon ionization at the end of
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the 100 fs FEL pulse with power density of 1013 W=cm2. If
the photoline [Fig. 2(c)] had resulted from a nonsequential
resonant two-photon ionization process, the intensity ratio
of the photoline to thermal electrons would increase with
power density, in striking contrast to our results. If it is due
to the ICD type ionization process we have a natural
explanation why it disappears with increasing power
density. The characteristic time constant of the autoioniza-
tion process involving two 2p excited atoms can be
estimated by the virtual photon model [9,21]
ΓðRÞ ¼ 3cfσ
πω2
×
1
R6
; (3)
where f is the oscillator strength of the excitation tran-
sition, σ is the ionization cross section from the excited
state, ω is the virtual-photon energy, and R is the inter-
nuclear distance. Using atomic data, i.e. the oscillator
strength for the 1s → 2p transition in He of f ¼ 0.29
[28], photoionization cross section of Heð1s2pÞ excited
state of 0.02 Mb [27], and equilibrium distance of 3.58 Å
[29], we find a decay lifetime for the process of about 52 ps.
However, the virtual photon model considerably under-
estimates the decay rate due to neglect of the orbital overlap
[9,21]. More reliable results are expected from ab initio
methods, by means of which the doubly excited Ne dimer
was predicted to undergo an enhancement of the decay
width by a factor of 20 [9]. Thus, assuming a similar
enhancement for the He dimer, the decay time is expected
to be ∼2.5 ps. For the three or more excited atoms case
[Fig. 1(b)], we expect that the process can be even faster.
Since the rate is expected to be proportional to the number
of neighbors [21] by going from two to three atoms the gain
increases by a factor of 2.
The second important aspect is that according to our
estimates, at high power densities isolated, doubly excited
dimers are expected to be present only in the first few fs of
the light pulse. The populations of electronically excited
dimers, trimers, and higher oligomers ns (s is the number of
atoms in the oligomer) embedded in the droplets can be
derived with percolation theory [30]. Here we give some
estimates. At very low power density the population ns is a
function of excitation probability p and follows a simple
power law ns ¼ ps. If the excitation probability approaches
a critical value pc electronically excited atoms build a
“continuous network”; thus, a plasma is formed with more
than 4 nearest neighbors in a liquid with average co-
ordination number of 12 [30]. Therefore, we expect that as
soon as 3 or 4 excited atoms are formed in direct contact,
one can see a plasma type, broad continuous electron
emission. This critical number pc is rather small. If 12% of
atoms within a nanodroplet are excited such a network will
be formed at the expense of dimers, trimers, and larger
isolated oligomers [30]. At 1013 W=cm2 12% of atoms are
excited within less than 3 fs. This is almost 1000 times
shorter than the characteristic ICD type autoionization
decay rate estimation (∼2.5 ps, see above) of an isolated
doubly excited dimer. In other words, the probability to
decay via this channel is only 10−3, which is in line with our
findings that at high power densities (> 1012 W=cm2) the
photoline is absent.
While rigorous calculations are necessary to verify
these conclusions, the model based on multiply
excited trimers and larger oligomers does give a natural
explanation as to why the photoline is absent at high power
densities.
Our interpretation of the ionization process is further
supported by the measured electron yields. The total
electron yields versus FEL intensity at 21.4 and 42.8 eV
are depicted in Fig. 3. Experimental points are obtained by
integrating the single-shot VMI images and binning them
(5 μJ=step) according to the incoming pulse energies. The
experimental results demonstrate that the electron yield of
resonant 2p excitation (dots) is much higher than that of
direct excitation into the continuum above the Ip (trian-
gles). Such behavior is expected in view of the results
recently predicted for the ICD of Ne clusters [9]. The yield
for the direct photoionization process (42.8 eV, DPI in
Fig. 3) is lower than the electron emission rate at 21.4 eV
(ICD), calculated for the ICD process with two excited
atoms involved. In these calculations it is assumed that all
atoms in the cluster can be excited and that after the pulse
FIG. 3 (color online). Total electron yield vs FEL intensity for
two different photon energies. Dots and triangles represent the
experimental data at 21.4 and 42.8 eV, respectively. R2PI and
ICD indicate theoretical electron yields for the resonant two-
photon ionization process and ICD process at 21.4 eV, respec-
tively. CAI-3 and CAI-all represent the theoretical yield for the
CAI process where three and all excited atoms are involved,
respectively. DPI shows the rate for the direct photoionization
process at 42.8 eV (σi ≈ 2.89 Mb [31]). The theoretical electron
yields are normalized to the experimental data through the DPI
process.
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all excited atoms decay by the ICD process. Although the
details of autoionization involving two, three (CAI-3), or
many excited atoms (CAI-all) are different, the total
electron yield is expected to be rather similar since it is
only governed by the large single photoabsorption cross
section of the He 1s → 2p transition, at least at high power
density. Since the CAI process is very efficient, one would
expect that after the pulse, every excited Heð1s2p1P1oÞ
atom in the droplet will undergo CAI, producing a number
NCAI of He ions.NCAI is estimated as the number of excited
atoms multiplied by 2=3 and 21:4=24:6 (all deposited
energy is used for ionization) in the three and many excited
atom models, respectively. The discrepancy between the
experimental data and rate estimation at the 21.4 eV photon
energy is reasonable since the estimation takes into account
neither the power density dependence of the absorption
cross sections nor secondary processes depicted in Fig. 1(c)
nor the charging up of the cluster [8]. All in all, our results
confirm work on ion yields [13]. In that work [13]
discrepancies between calculation and the measured data
were attributed differently, namely, to uncertainties of the
power density and atomic cross sections.
In conclusion, we have studied electron dynamics of He
clusters excited resonantly by intense femtosecond
extreme ultraviolet radiation pulses to 2p excited states
below the ionization potential as well as directly to the
ionization continuum. While the photoelectron spectra
recorded by excitation into the ionization continuum
can be well explained by the sequential single ionization
concept [8], ionization following the resonant excitation
exhibits clear evidence of a novel, collective ionization
process. The electron spectra reveal that in this case a high
density plasma with a very large number of electrons in
bound excited states is formed. The novel ionization
mechanism is characterized by fast energy exchange
and subsequent autoionization of at least three electrons
in excited states. The process is of quite general character
and is expected to be important for many other systems,
such as weakly bound clusters and nonmetallic nano-
particles, especially considering the fact that it is
extremely efficient.
The authors would like to thank P. Demekhin, L. S.
Cederbaum, K. Ueda, T. Fennel, and U. Saalmann for
discussions and gratefully acknowledge the support of the
staff of FERMI. C. G. acknowledges the TALENTS
Programme (7th R&D Framework Programme, Specific
Programme: PEOPLE Marie Curie Actions COFUND) for
financial support.
*Corresponding author.
yevheniy.ovcharenko@physik.tu‑berlin.de
†Corresponding author.
thomas.moeller@physik.tu‑berlin.de
[1] H. Wabnitz et al., Nature (London) 420, 482 (2002).
[2] T. Shintake et al., Nat. Photonics 2, 555 (2008).
[3] M. Hoener et al., Phys. Rev. Lett. 104, 253002 (2010).
[4] A.Sorokin, S. Bobashev, T. Feigl, K. Tiedtke, H. Wabnitz,
and M. Richter, Phys. Rev. Lett. 99, 213002 (2007).
[5] U. Saalmann and J.-M. Rost, Phys. Rev. Lett. 89, 143401
(2002).
[6] S. Schorb et al., Phys. Rev. Lett. 108, 233401 (2012).
[7] C. Bostedt, H. Thomas, M. Hoener, T. Möller, U. Saalmann,
I. Georgescu, C. Gnodtke, and J.-M. Rost, New J. Phys. 12,
083004 (2010).
[8] C. Bostedt et al., Phys. Rev. Lett. 100, 133401 (2008).
[9] A. I. Kuleff, K. Gokhberg, S. Kopelke,and L. S. Cederbaum,
Phys. Rev. Lett.\ 105, 043004 (2010).
[10] K. Nagaya et al., J. Phys. B 46, 164023 (2013).
[11] S. Yase et al., Phys. Rev. A 88, 043203 (2013).
[12] E. Allaria et al., Nat. Photonics 6, 699 (2012).
[13] A. LaForge et al., Sci. Rep. 4, 3621 (2014).
[14] M. Joppien, R. Karnbach, and T. Möller, Phys. Rev. Lett. 71,
2654 (1993).
[15] V. Lyamayev et al., J. Phys. B 46, 164007 (2013).
[16] C. Svetina et al., Proceedings of SPIE (International Society
of Optics and Photonics, Bellingham, Washington, 2012),
p. 850302.
[17] G. A. Garcia, L. Nahon, and I. Powis, Rev. Sci. Instrum. 75,
4989 (2004).
[18] M. Arbeiter and T. Fennel, Phys. Rev. A 82, 013201 (2010).
[19] D. Buchta et al., J. Chem. Phys. 139, 084301 (2013).
[20] Y. Ovcharenko et al. (unpublished).
[21] V. Averbukh and L. S. Cederbaum, J. Chem. Phys. 123,
204107 (2005).
[22] P. V. Demekhin, K. Gokhberg, G. Jabbari, S. Kopelke, A. I.
Kuleff, and L. S. Cederbaum, J. Phys. B 46, 021001 (2013).
[23] T. Havermeier et al., Phys. Rev. A 82, 063405 (2010).
[24] R. Wehlitz, F. Heiser, O. Hemmers, B. Langer, A. Menzel,
and U. Becker, Phys. Rev. Lett. 67, 3764 (1991).
[25] U. Becker, D. Szostak, M. Kupsch, H. Kerkhoff, B. Langer,
and R. Wehlitz, J. Phys. B 22, 749 (1989).
[26] Y. Ralchenko, R. K. Janev, T. Kato, D. V. Fursa, I. Bray, and
F.J. de Heer, At. Data Nucl. Data Tables 94, 603 (2008).
[27] V. Jacobs, Phys. Rev. A 9, 1938 (1974).
[28] D. Verner, E. Verner, and G. Ferland, At. Data Nucl. Data
Tables 64, 1 (1996).
[29] W. E. Keller, Helium-3 and Helium-4 (Plenum Press, New
York, 1969).
[30] D. Stauffer and A. Aharony, Introduction to Percolation
Theory (CRC Press, Boca Raton, 1994).
[31] M. Yan, H. Sadeghpour, and A. Dalgarno, Astrophys. J.
496, 1044 (1998).
PRL 112, 073401 (2014) P HY S I CA L R EV I EW LE T T ER S
week ending
21 FEBRUARY 2014
073401-5
